Abstract. Overexpression of P-glycoprotein (Pgp/ABCB1) in tumor cells is associated with a classic phenotype of multidrug resistance (MDR). Moreover, some members of the inhibitor of apoptosis protein (IAP) family, such as survivin, contribute to an apoptosis-resistant phenotype, by inhibiting chemotherapyinduced cell death and promoting MDR. By using Western blotting, qRT-PCR, Annexin V and immunofluorescence assays we have demonstrated a relationship between Pgp and survivin in a prior sensitive chronic myeloid leukemia (CML) cell line (K562). A high dose of vincristine induced a concomitant overexpression of Pgp and survivin, which was associated with a low apoptotic index in the K562 cell line. In addition, we observed a cytoplasmic co-localization of Pgp and survivin, suggesting a functional association between these two proteins in apoptosis control by a common mechanism. In summary, our data suggest that Pgp and survivin should be analyzed in aggregate because they may have significant impact on drug resistance in CML cells.
Introduction
Chemotherapy plays a fundamental role in cancer treatment. However, diverse types of cancer do not respond to treatment due to the multidrug resistance (MDR) phenotype. Classical MDR is characterized by the overexpression of ATP-binding cassette (ABC) drug transporter proteins (1, 2) . Some of these proteins, such as P-glycoprotein (Pgp, ABCB1, MDR1), multidrug resistance-associated protein (MRP1, ABCC1) and breast cancer resistance protein (BCRP, ABCG2), have been closely related to poor treatment response and prognosis in many malignancies (3) (4) (5) (6) .
The MDR phenotype has been mostly associated with over expression of Pgp, which promotes resistance to a broad spectrum of structurally unrelated cytotoxic drugs (7) . Generally, some epithelial-derived tumors may express Pgp and become intrinsically resistant. However, drug resistance can also be acquired during the course of chemotherapy by tumors that are initially sensitive to treatment (8, 9) . To support this notion, we have recently shown that modifications in Pgp status, caused by a diversity of drugs, can alter the desirable effect induced by a specific chemotherapeutic drug during the treatment of chronic myeloid leukemia (CML) patients (10) .
Pgp is commonly located in the plasma membrane, in which Pgp functions as a drug efflux pump. Nevertheless, some studies have demonstrated its localization in intracellular sites such as the nuclear envelope and in the membrane of cytoplasmatic organelles (11) . These studies suggest that Pgp function is related to cellular protection against toxic agents, independently of its localization.
Currently, an additional role for Pgp concerning apoptosis resistance has been proposed. Some studies suggest the involvement of Pgp in apoptosis inhibition induced by different stimuli (12, 13) . Pgp was able to inhibit caspase-mediated apoptosis induced by anti-Fas and ultraviolet radiation in different cell lines (13) (14) (15) . Pgp expression may contribute to spontaneous apoptosis in leukemia patient cells (16) . Moreover, subpopulations of leukemic CD34 + cells have a lower rate of spontaneous apoptosis than leukemic CD34
-cells due to overexpression of Pgp (17) .
Nevertheless, several mechanisms may promote MDR in tumor cells besides overexpression of Pgp. It is known that disruption of apoptotic pathways may contribute to MDR establishment. Studies have shown that increased expression of inhibitor of apoptosis proteins (IAPs), such as survivin and XIAP, induces the MDR phenotype during tumor progression (1, 18) . Overexpression of survivin has been detected in various neoplasms, and has been associated with a more clinical aggressive tumor behavior in neuroblastoma, and colorectal and gastric cancers (19) . In addition, overexpression of survivin is correlated with an increase of resistance and a reduction of apoptosis rate (20 In an interesting way, Liu et al (21) demonstrated in the Pgp-positive breast cancer-resistant MCF-7/Adr cell line that the downregulation of Pgp expression could also suppress survivin mRNA expression, whereas the reverse impact was not observed in the Pgp-negative MCF-7 cell line. The same group recently confirmed these results by demonstrating that survivin transcription was associated with Pgp overexpression through the PI3K/ Akt pathway in the same cell lines (22) . Therefore, the purpose of our study was to investigate whether an antineoplastic drug could induce the MDR phenotype in a sensitive leukemia cell line and to determine a possible relationship between Pgp and survivin. We observed that concomitant overexpression and localization of Pgp/ABCB1 and survivin promoted a reduction in K562 cell death, which suggests a functional association between these two proteins in apoptosis control by a common mechanism. Cell cycle analysis. Following treatment with 0.6 µM vincristine at various time points (0, 2, 6, 8, 18 and 24 h), K562 cells were harvested, washed in PBS (phosphate-buffered saline), and incubated with 500 µl of propidium iodide (PI) staining solution (PI 50 µg/ml diluted in citrate buffer 4 mM and 0.3% Triton X-100) and RNAse (ribonuclease A 100 µg/ml diluted in citrate buffer 40 mM) for 15 min at room temperature. DNA content was determined by collecting 10,000 events for cell cycle analysis using a CyAn ADP analyzer flow cytometry and Summit v4.3 software (Dako, USA) (24) .
Materials and methods

Drug. Vincristine sulfate (Tecnocris
Apoptosis detection. K562 cells were harvested at 0, 2, 6, 8, 18, and 24 h after exposure to vincristine (0.6 µM). The percentage of apoptotic cells was assessed using the Annexin V assay (Genzyme Diagnostics, Cambridge, MA, USA). Cells were stained with FITC-labeled Annexin V as previously described (25) . Briefly, cells were washed in PBS and pellets were incubated with 5 µg/ml Annexin V, 5 µg/ml PI, and binding buffer for 15 min in the dark, on ice. The drug-induced apoptotic index was analyzed by flow cytometry, and the results were calculated as a percentage of apoptosis in the presence of the drug subtracting apoptosis in the absence of the drug.
Determination of caspase-3 expression by flow cytometry.
This experiment was also performed incubating K562 cells with 0.6 µM vincristine for 0, 2, 6, 8, 18 and 24 h. Cells were permeabilized using a FACS lysing solution, washed in 0.5% Tween-20/PBS, and incubated with 1% BSA (bovine serum albumin, Sigma-Aldrich). Caspase-3 expression was measured after incubation for 30 min with PE-conjugated monoclonal antibody anti-caspase-3 (Becton-Dickinson, NJ, USA), according to the manufacturer's instructions. After 3 washing steps cells were fixed with 1% paraformaldehyde and analyzed using flow cytometry. The results were expressed as the percentage of caspase-3 positivity compared with untreated cells. Western blotting. For pro-caspase-3, XIAP and survivin detection K562 cells were exposed to 0.6 µM vincristine for 0, 2, 6, 8, 18 and 24 h. Pellets of 2x10 6 cells were washed three times with PBS and lysed in resuspension buffer (40 mM Tris-HCl; 40 mM EDTA; pH 7.5) and 10% SDS for 15 min at 100˚C. The total protein was determined using Bio-Rad protein assay solution, and 50 µg of lysates were subjected to SDS-PAGE onto 15% polyacrylamide gels (acrylamide/bis-acrylamide 30%; 25% H 2 O; 115 mM Tris-HCl buffer pH 8.8; Temed; APS). After electrophoresis, proteins were transferred to Hybond-P membranes. The blots were blocked for 2 h at room temperature with 5% non-fat dry milk TBS containing 0.2% Tween-20 before incubation with antibodies against caspase-3 (1:500 dilution, BD Biosciences, San Jose, CA, USA), XIAP (1:1000 dilution, R&D Systems, Minneapolis, MN, USA), survivin (1:1000 dilution, R&D Systems), or β-actin (1:1000 dilution, Sigma-Aldrich) in the same solution. After three washing steps of 5 min each with TBS-Tween, blots were exposed to anti-mouse, anti-rabbit, or anti-goat IgG antibody conjugated with horseradish peroxidase (1:1000 dilution; GE Healthcare, Buckinghamshire, UK or Novus Biologicals, Littleton, CO, USA). Antibody complexes were visualized by the ECL detection system (GE Healthcare). The expression of caspase-3, XIAP and survivin was normalized with respect to β-actin as previously shown (26) .
Real-time quantitative PCR (TaqMan) analysis (qRT-PCR).
This experiment was also performed incubating K562 cells with 0.6 µM vincristine for 0, 2, 6, 8, 18 and 24 h. For Pgp/ABCB1 or XIAP mRNA analysis, total RNA from treated cells was isolated using the guanidinium thiocyanate method (TRIzol Invitrogen, Carlsbad, CA). RNA was treated with DNAse (Ambion, Austin, TX) to eliminate contaminating DNA. cDNA was synthesized with the Ready-To-Go T-Primed first-strand kit (GE Healthcare, Piscataway, NJ). Pgp/ABCB1 and XIAP mRNA were amplified by qRT-PCR using probes obtained from Applied Biosystems (Foster City, CA). Real-time monitoring of PCR amplification of cDNAs was carried out using TaqMan Universal master mix (Applied Biosystems). Relative quantification of target gene expression was performed by employing a comparative Ct method using arithmetic formulas as described in the TaqMan user manual. β-actin probe (Applied Biosystems) was used as a reference gene for all samples to normalize the Ct values for the target gene. All experiments were carried out in the StepOne TM real-time PCR system (Applied Biosystems) (10). with Alexa 488-conjugated goat anti-rabbit IgG or with Alexa 594-conjugated goat anti-mouse IgG antibodies (1:100 dilution, Molecular Probe, Eugene, OR). After DNA staining with DAPI (4',6-diamidino-2-phenylindole) for 5 min, glass slides were washed in PBS and mounted using n-propyl-gallate (27) . Cell staining was visualized and registered in an Eclipse E200 Nikon microscope connected to a Digital Sight system. Images were captured by the NIS-Elements F2.30 software.
Statistical analysis. Statistical analysis of the results was performed using the Graph Pad Prism 4.0 software. Differences between vincristine-treated and untreated cells were analyzed by using Student's t-test or one-way analysis of variance (ANOVA). p<0.05 was considered statistically significant.
Results
Effect of vincristine on K562 cells viability.
We had previously demonstrated that treatment with increasing doses of vincristine through prolonged times induces an MDR phenotype on K562 cell lineage (28) . Here, we evaluated the vincristine dose-response curve for K562 cells after 24 h of treatment. As shown in Fig. 1 , treatment of K562 cells with 0.03, 0.06, 0.6, 1.0 and 2 µM vincristine induced similar significant reduction on cell viability (p<0.05). Based on this result we used 0.6 µM vincristine in the following experiments.
Vincristine inhibits cell cycle progression by inducing a G2/M phase arrest on K562 cells. Vincristine is known to inhibit the assembly of microtubule structures, therefore blocking cell cycle progression (29) . Based on this, we evaluated the effects of this drug on K562 cell cycle progression by exposing these cells to a high concentration of vincristine at different times. We observed a G2/M cell cycle arrest in K562 cells at 8, 18 and 24 h (Fig. 2) , indicating that vincristine treatment is capable of inhibiting K562 cell cycle progression.
Vincristine induces a low apoptotic index in K562 cells.
We next investigated the effect of vincristine on K562 cells death through Annexin V/PI staining. As shown in Fig. 3A , vincristine treatment induced a low but significant apoptotic index only after 24 h (p<0.05). In addition, we further analyzed pro-caspase-3 cleavage by Western blotting. We observed a reduction of pro-caspase-3 protein levels after 8 h of vincristine treatment (Fig. 3B) , which may indicate caspase-3 activation. In contrast, flow cytometry analysis revealed caspase-3 activation only after 24 h (Fig. 3C) , consistent with the Annexin V/PI results. These results suggest that the treatment with an elevated concentration of vincristine could not induce a high apoptotic index on K562 cells.
Vincristine induces a differential expression of survivin and XIAP in K562 cells.
It has been reported that survivin or XIAP overexpression induces resistance to apoptosis in tumor cells (19, 30) . Since vincristine was not able to induce a high apoptotic profile on K562 cells, we investigated the expression of XIAP and survivin in these cells upon vincristine treatment. A slight increase of XIAP expression was observed by Western blotting between 2 and 8 h (Fig. 4A) . After that period, XIAP protein expression progressively decreased (Fig. 4A) . Quantitative real-time PCR also revealed a similar increase of XIAP mRNA (Fig. 4B) . In contrast to XIAP protein level reduction, survivin expression was progressively increased through vincristine treatment, with a remarkable overexpression at 18 and 24 h (Fig. 4A) . These results indicate that survivin and XIAP are differently expressed during vincristine treatment in K562 cells, suggesting a differential role of these proteins in apoptosis regulation.
Subcellular localization of survivin varies upon vincristine treatment.
Survivin plays a dual role as a key regulator of mitosis and apoptosis. When localized in the cytoplasm this protein acts as an anti-apoptotic protein, whereas in the nucleus survivin functions to regulate chromosome direction for spindle formation (31) . The overexpression of survivin observed during vincristine treatment could be explained by cell cycle arrest in G2/M phase (Fig. 2) . Therefore, we investigated the subcellular distribution of survivin in K562 cells treated with vincristine by immunofluorescence analysis. In untreated cells survivin was detected in both the nuclear and the cytoplasmic compartments (Fig. 5) . At 2, 6 and 8 h of vincristine incubation, survivin was predominantly localized in the nucleus compared with control condition (Fig. 5) . At later times (18 and 24 h), survivin was upregulated and mostly localized in the cytoplasmic compartment (Fig. 5) . These results suggest that survivin could be acting as an anti-apoptotic protein at 18 and 24 h of vincristine treatment.
P-glycoprotein expression is regulated by vincristine treatment in K562 cells. It has been reported that the MDR phenotype
is multifactorial, and is related to simultaneous Pgp and IAP overexpression (21, 32) . Moreover, other studies suggest an intimate relationship between survivin and Pgp expression in tumor cells (21, 22) . For this reason, we also evaluated the expression of Pgp/ABCB1 mRNA in K562 cells upon vincristine treatment. As observed with survivin protein expression, treatment with vincristine induced a progressive increase in Pgp/ABCB1 mRNA expression after 8 h (Fig. 6A) . In contrast, we did not observe significant Pgp protein expression on plasma membrane by extracellular immunostaining (Fig. 6B) . Hence, we investigated the subcellular localization of Pgp protein by immunofluorescence analysis at indicated times. Although we could not observe Pgp staining in untreated cells (Fig. 6C) , after 8 h of vincristine treatment Pgp was predominantly detected in the nuclear membrane. In addition, at 18 and 24 h K562 cells displayed a nuclear and cytoplasmic localization of Pgp protein. These data suggest that Pgp is regulated by vincristine treatment and might also perform an anti-apoptotic role in K562 cells. 
Discussion
The MDR phenotype is commonly attributed to the elevated expression of Pgp and its function as a drug efflux pump. The development of MDR is mainly related to anticancer treatment. Emerging roles for Pgp in apoptosis inhibition have drawn much attention, but relatively little is known about the role of Pgp in this type of function. On the other hand, survivin, a member of the IAP family, has a well-known role as an apoptosis inhibitor and has also been associated with resistance to chemotherapeutic drugs (32, 33) .
In this study, we demonstrated that vincristine was not able to induce a high apoptotic index in the sensitive CML cell lineage K562. Furthermore, concomitant overexpression of Pgp/ABCB1 and survivin in K562 cells reduced cell death even under high chemical stress in these cells, which suggests a functional association between these two proteins. Additionally, the co-localization of Pgp and survivin in the cytoplasmatic compartment reinforces this hypothesis.
Different mechanisms induce the MDR phenotype in cancer cells. K562 is a sensitive CML cell lineage, which does not express the MDR phenotype. In our study, however, K562 cells displayed a resistant behavior during vincristine treatment. Recently, a study demonstrated that MDR could be acquired through intercellular transfer of Pgp in co-culture of sensitive and resistant versions of some cell lines (34, 35) . In contrast, in this current study we induced overexpression of Pgp/ABCB1 over a short time of vincristine exposure in K562 cells, which did not previously express Pgp/ABCB1 protein or mRNA. Our data are supported by a study that showed the upregulation of ABCB1 in a human drug-resistant leukemia cell line by anthracycline treatment (36) . We had also previously demonstrated that long treatment with increasing doses of vincristine induces an MDR phenotype on K562 cell lineage (28) . In fact, several anticancer drugs may induce Pgp expression and as a result promote MDR features. Basically, the mechanism of Pgp induction involves PXR-mediated Pgp translation through the activation of PXR by many anticancer drugs (37) . Beyond that, several transcription factors and cofactors such YB-1, NF-Y, MEF-1, HSF-1 and others cooperate in Pgp regulation (38) (39) (40) (41) .
In MDR tumor cells Pgp is mainly located in the plasma membrane, although some studies have shown Pgp expression in the nuclear envelope and in the membrane of cytoplasmic organelles (42, 43) . Here, we showed for the first time that vincristine treatment induced a differential subcellular localization of Pgp in K562 cells. Our data describe an initial expression of Pgp in the nuclear envelope that spreads over to the cytosol during vincristine treatment. A recent study suggests that Pgp proteins located in the nuclear envelope may be involved in the removal of drugs from the nucleus and that cytoplasmic Pgp may contribute to transport outwards the cells (44) . According to these data, we can suppose in our study that nuclear and cytosolic Pgp contributed to the defense mechanism in K562 cells against vincristine. Additionally, we also suggest that cytosolic Pgp might perform an anti-apoptotic role due to its co-localization with survivin in K562 cells.
So far, only a few studies discuss the possible association between Pgp and survivin. Consistent with our data, however, a recent study demonstrated that inhibition of Pgp is associated with a downregulation of survivin (21) . In accordance with this, another recent report showed that survivin transcription is associated with overexpression of Pgp (22) .
Although it has been demonstrated that there is no direct binding between Pgp and survivin (45), these proteins have common regulators, which may suggest a similar regulatory pathway. The cell survival/anti-apoptotic pathways have been associated with expression of some MDR proteins (46) . In addition, a recent study has shown the involvement of the PI3K signaling pathway in the regulation of Pgp and survivin expression (22) . It was demonstrated that the active form of PI3K is related to an increase of Pgp expression (46) . Furthermore, several molecular pathways, such as NF-κB, ERK/MAPK, and p38-MAPK, among others, are also associated with the regulation of Pgp expression in cancer cells (47) (48) (49) . A recent study showed that the MDR phenotype in K562 cells could be reversed by inhibition of the NF-κB pathway, suggesting a regulation of Pgp through modulation of NF-κB (50) . NF-κB activation also contributes to survivin expression, and likewise NF-κB inhibition downregulates survivin (51, 52) . The expression of survivin is regulated by several other molecular pathways such as mTOR, which is required for its stability and translation (53) . Furthermore, it is important to note that some drugs may induce expression of survivin by activation of the PI3K pathway (54) .
Published works have shown that survivin can be negatively regulated by wild-type p53 and positively regulated by mutant p53 in many cancer cells (56, 57) . p53 is also related to regulation of Pgp. A study on the mechanism of Pgp regulation revealed that wild-type p53 can reverse the MDR phenotype through inhibition of PKC α (57) . In addition, cells expressing mutant p53 show the MDR phenotype based on the fact that it is able to activate the ABCB1 promoter (58) . According to all these reports, we support the idea that Pgp and survivin could regulate and contribute to reduce cell death by a common mechanism.
Some molecular pathways that regulate survivin are common for other IAPs. Although the activation of NF-κB also relates to the upregulation of XIAP (51), our experimental data indicated that expression of XIAP in K562 cells by vincristine treatment changed unrelated to Pgp expression, suggesting that apoptosis resistance promoted by XIAP and Pgp occurs by an independent mechanism. In addition, our data are in concordance with a recent report that demonstrated that inhibition of Pgp did not change XIAP mRNA and protein levels in chondrosarcoma cells, although simultaneous inhibition of Pgp and XIAP is needed to prevent cell survival more efficiently (59) .
In conclusion, we demonstrated that a high dose of vincristine induces simultaneously an upregulation of survivin and a de novo expression of Pgp in the classic sensitive K562 CML cell line. This induced MDR phenotype prevented overwhelming cell death, which suggests a functional association between these two proteins by a common mechanism. Moreover, our data also suggest that cytosolic Pgp might perform an antiapoptotic role.
